Methylomagnum ishizawai gen. nov., sp. nov., a mesophilic type I methanotroph isolated from rice rhizosphere An aerobic, methane-oxidizing bacterium (strain RS11D-Pr T ) was isolated from rice rhizosphere. Cells of strain RS11D-Pr T were Gram-stain-negative, motile rods with a single polar flagellum and contained an intracytoplasmic membrane system typical of type I methanotrophs. The strain utilized methane and methanol as sole carbon and energy sources. It could grow at 20-37 8C (optimum 31-33 8C), at pH 6.8-7.4 (range 5.5-9.0) and with 0-0.2 % (w/v) NaCl (there was no growth at above 0.5 % NaCl). pmoA and mmoX genes were present. The ribulose monophosphate and/or ribulose bisphosphate pathways were used for carbon assimilation. Results of sequence analysis of 16S rRNA genes showed that strain RS11D-Pr T is related closely to the genera Methylococcus, Methylocaldum, Methyloparacoccus and Methylogaea in the family Methylococcaceae. The similarity was low (94.6 %) between strain RS11D-Pr T and the most closely related type strain (Methyloparacoccus murrellii R-49797 T ). The DNA G+C content was 64.1 mol%. Results of phylogenetic analysis of the pmoA gene and chemotaxonomic data regarding the major cellular fatty acids (C 16 : 1 v7c, C 16 : 0 and C 14 : 0 ) and the major respiratory quinone (MQ-8) also indicated the affiliation of strain RS11D-Pr T to the Methylococcus-Methylocaldum-MethyloparacoccusMethylogaea clade. On the basis of phenotypic, genotypic and phylogenetic characteristics, strain RS11D-Pr T is considered to represent a novel genus and species within the family Methylococcaceae, for which the name Methylomagnum ishizawai gen. nov., sp. nov. is proposed. The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA, pmoA and mmoX gene sequences of strain RS11D-Pr T are AB669155, AB669168 and AB983338, respectively.
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On: Thu, 13 Dec 2018 06:36:21 strain RS11D-Pr T was isolated from rice rhizosphere (Dianou et al., 2012) . In this communication, we characterize the strain and propose that strain RS11D-Pr T represents a novel genus and species of the family Methylococcaceae.
A rhizosphere sample was collected from a rice paddy field in Anjo Agricultural and Extension Centre, Aichi-ken Agricultural Experiment Station, Anjo, Aichi, Japan (348 979 N 1378 079 E) on 11 August 2003. Details of the sampling and enrichment procedure have been described previously (Dianou et al., 2012) . In brief, 60 ml of rhizosphere soil sample solution [about 1 % (w/v) in nitrate mineral salt (NMS) medium (Whittenbury et al., 1970b) ] were placed into a 120 ml sterile flask. The flask was sealed with a butyl rubber stopper and incubated with shaking at 30 8C under 25 % (v/v) methane for 3 weeks. The enrichment culture was diluted and streaked onto NMS agar slants. The slants were incubated at 30 8C under 18 % (v/v) methane for 3-4 weeks. Colonies that formed were transferred into liquid NMS medium and cultivated with shaking at 30 8C under 18 % (v/v) methane for 1-3 weeks. Isolation of colonies from the agar slants and the subsequent cultivation in the liquid medium were repeated by checking methane consumption in the headspace by GC. Finally, a pure culture designated RS11D-Pr T was obtained by isolation of a single colony in the second round on 1a agar plates (Leadbetter & Foster, 1958) O, 0 .08 mg; agar, 14 g; per litre distilled water; pH 7.0) after several subcultures in liquid 1a medium. Culture purity was confirmed by phase-contrast microscopy (BX50; Olympus) and failure to grow in liquid or on agar media (nutrient broth medium, Luria-Bertani medium, 1a medium supplemented with 0.1 %, w/v, sucrose and polypeptone medium supplemented with 0.05 %, v/v, methanol) without addition of methane.
The strain was routinely cultured in 1a liquid medium at 30 8C for 1-2 weeks under 18-50 % (v/v) methane. Colony morphology and pigmentation were observed for cultures on 1a agar and in liquid media. Cell morphology and motility were observed by phase-contrast microscopy with an Olympus BX50 microscope. Gram staining was carried out using a modification of Hucker's method. The presence of Azotobacter-type cysts was tested according to the method described by Vela & Wyss (1964) . Poly-b-hydroxybutyrate in cells was stained with Sudan black B according to the protocol of Schlegel et al. (1970) . Flagellation was observed for negatively stained cells with 2 % (w/v) uranyl acetate with a H-7500AMT Advantage HR transmission electron microscope (Hitachi). Intracytoplasmic structures were observed for ultrathin sections of cells fixed with 2 % (v/v) glutaraldehyde and 2 % (w/v) osmium tetroxide and stained with 2 % (w/v) uranyl acetate and lead staining solution with a H-7600 transmission electron microscope (Hitachi) at Hanaichi UltraStructure Research Institute (Okazaki, Japan).
Effects of temperature (4, 10, 15, 20, 25, 30, 37, 40 and 45 8C) , pH (4.5-11.0), concentrations of NaCl (0, 0.1, 0.2, 0.5, 1, 2 and 5 %, w/v) and methane (0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 %) on growth were evaluated in liquid 1a medium by measuring the OD 600 of cultures. pH was adjusted to 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0 with 0.02 M NaH 2 PO 4 /Na 2 HPO 4 and to 9.0, 9.5, 10.0, 10.5 and 11.0 with 0.02 M NaHCO 3 /Na 2 CO 3 . Utilization of carbon sources for growth was assessed in microtitre plates containing liquid 1a medium (without methane) supplemented with 0.1 % (w/v) of the following filter-sterilized compounds: formaldehyde (aqueous solution), formate, formamide, ethanol, methylamine hydrochloride, dimethylamine hydrochloride, trimethylamine hydrochloride, tetramethylammonium chloride, trimethylamine N-oxide, trimethyl sulfonium iodide, dimethyl carbonate, acetate, pyruvate, citrate, malate, succinate, D-arabinose, D-xylose, D-glucose, maltose, sucrose, mannitol and glycerol. The strain was also tested for its ability to grow in 1a liquid medium supplemented with methanol at different concentrations (0.01, 0.02, 0.025, 0.05 and 0.1 %). Catalase and cytochrome c oxidase were tested as described by Cleenwerck et al. (2002) .
Enzyme activities for carbon assimilation in the ribulose monophosphate (RuMP), serine and ribulose 1,5-bisphosphate (RuBP) pathways were determined. A cell-free extract was prepared from 0.3 g of cells (wet weight) harvested at the late exponential stage. The cells were suspended in 2 ml 0.1 M potassium phosphate buffer (pH 7.0) for hexulose phosphate synthase via the RuMP pathway and hydroxypyruvate reductase via the serine pathway or in 3 ml 0.1 M HEPES/NaOH (pH 8.3), 0.01 M MgCl 2 buffer for ribulose 1,5-bisphosphate carboxylase/oxygenase via the RuBP pathway. The cell suspension was disrupted by ultrasonication 12 times for 10 s at 150 W and 20 kHz in water with ice. The preparation was centrifuged at 15 000 g for 10 min and the supernatant was subjected to the enzyme assays (Hirayama et al. 2011) . The hexulose phosphate synthase was assayed according to the method of Bodrossy et al. (1997) with a slight modification by Hirayama et al. (2011) and the loss of formaldehyde was determined colorimetrically as described by Nash (1953) . The hydroxypyruvate reductase was assayed according to the method of Krema & Lidstrom (1990) with a slight modification to the NADH concentration, which was reduced from 0.4 mM to 0.16 mM in the enzyme reaction solution. The ribulose 1,5-bisphosphate carboxylase/oxygenase was assayed as described by Maeda et al. (2002) , with a slight modification of the concentration of NADH being reduced from 0.8 mM to 0.2 mM.
For chemotaxonomic analyses, cells were harvested from liquid cultures at late exponential phase (4 days) grown at 30 8C. The composition of total cellular fatty acids was determined using the Sherlock Microbial Identification (MIDI) system version 6.0 at the TechnoSuruga Laboratory (Shizuoka, Japan). Polar lipids were extracted as described by Minnikin et al. (1984) and methyl esters of fatty acids were prepared from the extracted polar lipids by methanolysis by using HCl/methanol and were analysed by GC-MS with a JMS-700 instrument (JEOL). Dimethyl disulfide derivatives of monounsaturated fatty acids for determination of the double-bond position were prepared according to the method described by Nichols et al. (1986) . Extraction of quinones was carried out according to the method described by Fujie et al. (1998) and these were analysed by MS with an API 3200Q TRAP LC/MS/MS system (Applied Biosystems). DNA was isolated and purified as described by Marmur (1961) and DNA G+C content was determined by HPLC according to the method of Katayama-Fujimura et al. (1984) and Tamaoka & Komagata (1984) with a LC-10AT machine (Shimadzu).
Amplification of the pmoA gene encoding the 27 kDa peptide of particulate methane monooxygenase (pMMO) and the mmoX gene encoding the a-subunit of the hydroxylase component of soluble methane monooxygenase (sMMO) was carried out by PCR with primers A189f/mb661r (Holmes et al., 1995; Costello & Lidstrom, 1999) and mmoX206f/mmoX886r (Hutchens et al., 2004) , respectively. The nifH gene encoding the highly conserved iron protein of nitrogenase was also PCR-amplified with primer set F1/nifH439 (De Meyer et al., 2011) . Amplification of the 16S rRNA gene was carried out with primers 27f/1492r (Weisburg et al., 1991) . PCR conditions were as recommended in the original publications. The nucleotide sequences were determined with an ABI 3130 genetic analyser and Big Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems). BLAST searches were applied to the 16S rRNA gene (1452 bp), pmoA (165 residues) and mmoX (226 residues) to identify related sequences. Pairwise nucleotide 16S rRNA gene sequence similarity values were calculated by using the global alignment algorithm at the EzTaxon server (http://www.eztaxon.org/; Kim et al., 2012) . Phylogenetic trees were reconstructed with the neighbour-joining method (distance options according to the Kimura two-parameter model) with the program CLUSTAL W based on bootstrap analysis of 1000 replications.
Colonies formed by strain RS11D-Pr T on agar medium were round, entire, white and opaque. The colonies reached 2-3 mm in diameter after 2 weeks of incubation at 30 8C. Cells were Gram-stain-negative, motile rods (2.0-4.0 mm long and 1.5-2.0 mm wide) with a polar flagellum (Fig. 1a) . The cells did not form chains, but occurred singly or in pairs. Electron microscopy of ultrathin sections of actively growing cells revealed layered bundles of vesicular discs, which are a landmark characteristic of the intracytoplasmic membrane structure of type I methanotrophs (Fig. 1b) . Staining with Sudan black B showed that the big inclusions observed in cells (Fig. 1b) probably comprised poly-b-hydroxybutyrate. Cells were sensitive to heat (80 8C, 10 min) and desiccation (2 days), and 'immature' cysts (Whittenbury et al., 1970a) were detected by staining and phase-contrast microscopy. Cells were positive for cytochrome c oxidase, but negative for catalase.
Only methane and methanol were used as sole carbon and energy sources. Cells grew with up to 0.05 % methanol added to the medium, but were sensitive to 0.1 % methanol. Doubling time in 1a liquid medium supplemented with 20 % (v/v) methane was 24 h at 30 8C with about 0.6 as the final OD 600 value of the culture and consumption of 80 % of the initial amount of methane in the headspace (Fig. S1 available in the online Supplementary Material). The yield of dry weight of cells per mole of methane was about 340 mg with the assumption of 95 % (w/w) moisture content of the wet cells. The optimal temperature and pH for growth were 31-33 8C (range 20-37 8C) and pH 6.8- 7.4 (range pH 5.5-9.0), respectively. The strain showed good growth with 0-0.2 % (w/v) NaCl, but no growth at 0.5 % NaCl or above. The strain grew well and exhibited similar specific growth rates at methane levels between 10 and 90 % (v/v) methane. Activities of hexulose phosphate synthase and ribulose 1,5-bisphosphate carboxylase/oxygenase were detected, indicating the presence of the RuMP and RuBP pathways for carbon assimilation in RS11D-Pr T . Cell-free extracts of the strain exhibited no activity of hydroxypyruvate reductase in the serine pathway. Strain RS11D-Pr T grew with nitrate, ammonium, urea, alanine, glycine, glutamic acid and tryptophan as sole nitrogen sources, but not with N 2 . Urea has been reported as a sole nitrogen source for Methylogaea oryzae, but utilization of the other amino acids has not been shown in Methylogaea oryzae (Geymonat et al., 2011) .
The cellular fatty acids composition of strain RS11D-Pr T , as estimated by using the MIDI system, is presented in Table 1 . The major fatty acids were C 16 : 1 , C 16 : 0 and C 14 : 0 . GC-MS analysis of methyl esters of fatty acids from polar lipids revealed C 14 : 0 , C 16 : 0 and three isomers of C 16 : 1 that could be separated chromatographically. Analysis of the dimethyl disulfide derivatives by GC-MS revealed the presence of monounsaturated fatty acids. The proportion of unsaturated fatty acids was as follows: C 16 : 1 v7c, 71.4 %; C 16 : 1 v7t, 18.2 %; unidentified C 16 : 1 v7 (possibly iC 16 : 1 v7c/t), 10.3 %. Results of tandem MS analysis revealed that the major lipoquinone was 18-methylenesubstituted ubiquinone (MQ-8) (Collins & Green, 1985) . The DNA G+C content of strain was 64.1¡0.1 mol% (mean¡SD; n53). These chemotaxonomic data regarding the major fatty acids (C 16 : 1 v7 and C 16 : 0 ) and the major quinone (MQ-8) of strain RS11D-Pr T resembled the features of the genera Methylococcus (Bowman et al., 1993) , Methylocaldum (Bodrossy et al., 1997; Eshinimaev et al., 2004) ; Methyloparacoccus (Hoefman et al., 2014) and Methylogaea (Geymonat et al., 2011) . The presence of C 14 : 0 as an additional major fatty acid was a distinctive feature of strain RS11D-Pr T . Table 2 shows the major morphological, physiological and chemotaxonomic features distinguishing the strain from other related genera, Methylococcus, Methylocaldum, Methyloparacoccus and Methylogaea. Strain RS11D-Pr T exhibited the following features differentiating the strain from members of these genera: cells exhibited rod-shape with larger size than other genera; motility has not been reported in Methyloparacoccus or Methylogaea; the mesophilic and neutrophilic natures were different from those of Methylococcus and Methylocaldum and from those of Methyloparacoccus and Methylogaea, respectively, and sensitivity to 0.5 % NaCl has not been reported in Methylococcus or Methyloparacoccus. Although the activity of sMMO was not detected, the mmoX gene was present in strain RS11D-Pr T , while the presence of the gene has not been shown in Methylocaldum, Methyloparacoccus or Methylogaea. Strain RS11D-Pr T possessed both the RuMP and RuBP pathways, but not the serine pathway for carbon assimilation, which was different from Methylocaldum.
The results of 16S rRNA gene sequence analysis indicated that strain RS11D-Pr T was related most closely to the species Methyloparacoccus murrellii (Fig. 2) . However, levels of pairwise similarity between strain RS11D-Pr T and the type strain of the species, Methyloparacoccus murrellii R-49797 T , was low (94.6 %). Results of phylogenetic analysis of the pmoA and mmoX genes also indicated distinct phylogenetic positions of strain RS11D-Pr T among the Methylococcus- 
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